Abstract. Occurrence frequencies, OF, of 12-h precipitation amounts, P, at stations in the former European USSR are displayed as dependent on dynamic forcing of vertical motions. The dynamic forcing is described by a "frontal parameter", F (calculated in the points of objective analysis grid), which depends on the surface pressure field curvature and on the baroclinicity in the lower half of the troposphere. The precipitation rate spectra for 4 seasons, calculated from a large sample of data (7 years, about 650 000 values of P for one season), show a monotonous OF growth of all ranges of P>1 mm/12 h with F increase. The growth is especially significant for heavy precipitation. As a result, F is shown to be an informative predictor of P spectrum or of probability of any given range of P. As a next step, two-dimensional spectra of precipitation occurrence frequency, as a function of F and LNB, that is, OF (F, LNB), are calculated, LNB being the level of neutral buoyancy at the gridpoint, an estimate of grid-scale convective instability. On this basis, an approach to probabilistic forecasting is suggested.
Introduction
The vertical motions in the atmosphere are generally caused by a number of mechanisms which disturb the geostrophic and thermal wind balance: they include friction, release of convective and hydrodynamic instability, and inhomogeneous advection (frontogenesis and frontolysis). The latter mechanism plays a primary role in the frontal baroclinic zones by forcing transverse vertical circulations. They can be deep enough to embrace the whole troposphere and the lower stratosphere. The vertical motions in the transverse circulations are diagnostically related (Hoskins et al., 1978) to the characteristics of baroclinicity and of its time evolution
Correspondence to: N. P. Chakina (chakina@mecom.ru) (that is, of frontogenesis/frontolysis). Thus, dynamic forcing of vertical motions, especially in the baroclinic zones, can be estimated through diagnostics describing the mentioned "dynamic forcing factors". In the real frontal zones, both forcing factors act simultaneously, due to specific configuration of pressure field. So, typical cyclonic curvature of the latter ensures wind convergence and frontogenesis and thus ascending motions in the warm airmass.
In general, the precipitation rate can be considered as an integral indicator of ascending motions in the lower half of the troposphere. The 12-h precipitation amounts, as independently measured at the stations, can be compared against the diagnostics calculated from the objective analysis data. Thus, the diagnostics, if they describe adequately the dynamic forcing, should be statistically related to the precipitation rate (and its occurrence frequency, OF).
In the paper, a minimum set of such diagnostics is considered, and statistical relationships are presented in the form of precipitation rate spectra as dependent on dynamic forcing characteristics. The relationships are found close enough to be applied for probabilistic forecasting of precipitation spectra and of precipitation rates exceeding a given threshold.
Data and diagnostics
The 12-h (daytime and nighttime) precipitation amounts, P mm/12 h, at the stations in the former European USSR (about 1300 stations) are used for 7-year period (1999) (2000) (2001) (2002) (2003) (2004) (2005) as classified into 4 ranges of intensity: 0-0.2 ("no precipitation"), 0.3-1.0 ("very slight"), 1.1-2.0 ("slight"), 2.1-6 ("moderate"), 6-19 ("heavy") and >19 ("very heavy"). Precipitation P>1 mm/12 h is considered "significant". The P data set for any season contains about 650 000 of observations.
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1. Frontal parameter, F (dimensionless), as a measure of frontal forcing effects. The parameter (Chakina et al., 1998 (Chakina et al., , 2000 represents a generalization of the approach developed in Huber-Pock and Kress (1989) . In fact, the parameter , as used by F. Huber-Pock and Ch. Kress, represented a characteristic of baroclinicity in the lower half of the troposphere and has been designed to reveal the zones of maximum baroclinicity and location of surface front line with respect to the zones. The frontal parameter, F, determined as a combined characteristic of baroclinicity and of pressure field topography, acquired a new (with respect to ) property of monotonic increase of P occurrence frequency, OF, with increasing F. The algorithm of calculation became more complicated: an objective classification of pressure field local topography is included. Namely, 23 classes of the latter are suggested: 8 sectors and centers of both high and low; trough; ridge; saddle; rectilinear isobars; and low-gradient field. The ranges of F have been statistically determined (Chakina et al., 2000) for airmass conditions with low baroclinicity (F<20), diffuse frontal zones (20≤F<40), active frontal zones (40≤F<60), and sharp fronts (F≥60). An example of F diagnostic field is shown in Fig. 1 .
2. Scalar frontogenetic function, FG, • C/(12 h×500 km), a direct estimate of frontogenesis (FG>0) and frontolysis (FG<0) at 850 hPa level.
can be seen that dependence of P on F is practically monotonous, and for moderate and especially heavy precipitation, dependence of OF on F is much stronger than for light one. Even low baroclinicity (F from 5 to 20) affects P, which grows continuously in the whole range of F. Note that, in total for every season, OF of "no precipitation" is not zero even for large F. (For example, in Fig.2 , averaged occurrence frequency of P=0 to 0.2 mm/12h is 52.5%, while, with growing F, occurrence frequency of this range of P decreases from about 70% for F < 5 to less than 30% for F > 100. In fact, frontal forcing, though quite significant, is not the only factor of precipitation generation. This can be seen also from the results for other diagnostics. For other seasons, the spectra are analogous to that shown in Fig. 2 , with differences in OF of both F and P. The effect of frontogenesis, as estimated by FG, is presented in Fig. 3 for P>1 mm/12 h. In fact, OF of all ranges of P grow with |FG|. The growth is faster for heavier precipitation and also faster in the cases of FG<0 than in those of FG>0. However, the subsets of significant non-zero |FG| are not large in all seasons (of order of 18-25% of the corresponding sets, frontogenesis being 3.5 times more frequent than frontolysis with the same |FG|). This fact, which is evidently associated with features of the accepted way of FG calculation, leads to underestimation of FG informativity about P occurrence frequency distribution. 3. Level of neutral buoyancy, LNB (km), calculated at the OA gridpoints, -a characteristic of grid-scale static instability. Strictly speaking, LNB must be considered to describe "convective forcing" and not "dynamic" one. Still, with respect to individual parcel involved into a convective updraft, the ascent is forced by the convective cloud dynamics. The values of LNB<4, 4≤LNB<8, and LNB≥8 km are considered as corresponding to shallow, moderate, and deep convection, respectively. Of course, a significant part of convective activity (subgrid convection) cannot be taken into account in our case.
4. Height of dynamic tropopause, TR (hPa), calculated at the OA gridpoints as the level of PV=1 pvu. TR is considered as an indicator of deep transverse circulations in the baroclinic zones.
To calculate the diagnostics, the following OA data are used: pressure (height), temperature, and wind at all tropospheric and lower stratospheric standard levels; humidity at the surface and at 925, 850, 700, 500 hPa levels. Note that vertical motion or precipitation data are not included. Two diagnostics, FG and TR, are completely independent on humidity. The frontal parameter includes equivalent temperature and thus depends on humidity but slightly. LNB is the only diagnostic whose dependence on humidity is significant (because the condensation level is calculated using humidity in the ascending air parcel).
Results

Precipitation spectra
The calculated diagnostics are compared against the precipitation 12-h amounts at the stations within the gridsquare. With the raingauge network being sparse enough, only the gridsquares with at least one observing station for a separate Adv. Geosci., 10, 153-158, 2007 www.adv-geosci.net/10/153/2007/ the cases of FG<0 than in those of FG>0. However, the subsets of significant non-zero |FG| are not large in all seasons (of order of 18-25% of the corresponding sets, frontogenesis being 3.5 times more frequent than frontolysis with the same |FG|). This fact, which is evidently associated with features of the accepted way of FG calculation, leads to underestimation of FG informativity about P occurrence frequency distribution. .0, AF=25,5% 1.0-2.0, AF=8,1% 9, AF=2,9% >19, AF=0,2% 1  1  2  2  3  3  4  5  7  14  9 precipitation amounts, P, as dependent on frontal parameter, F (7 (lower horizontal scale) are shown according to their occurrence d occurrence frequency for the corresponding range of P.
ted by FG, is presented in Fig. 3 for P>1 mm/12 h. In fact, rowth is faster for heavier precipitation and also faster in owever, the subsets of significant non-zero |FG| are not he corresponding sets, frontogenesis being 3.5 times more ). This fact, which is evidently associated with features of underestimation of FG informativity about P occurrence 12-h period are included into the analysis. The results are obtained for each of 4 seasons (Chakina et al., 2001 ). In Fig. 2 , the precipitation OF spectrum is displayed as calculated from the data for 7 winters (total of 189 735 gridsquares and 636 992 precipitation reports). The reports on "no precipitation" are included into the range of 0-0.2 mm/12 h. It can be seen that dependence of P on F is practically monotonous, and for moderate and especially heavy precipitation, dependence of OF on F is much stronger than for light one. Even low baroclinicity (F from 5 to 20) affects P, which grows continuously in the whole range of F. Note that, in total for every season, OF of "no precipitation" is not zero even for large F.
(For example, in Fig. 2 , averaged occurrence frequency of P=0 to 0.2 mm/12 h is 52.5%, while, with growing F, occurrence frequency of this range of P decreases from about 70% for F<5 to less than 30% for F>100.) In fact, frontal forcing, though quite significant, is not the only factor of precipitation generation. This can be seen also from the results for other diagnostics. For other seasons, the spectra are analogous to that shown in Fig. 2 , with differences in OF of both F and P. The effect of frontogenesis, as estimated by FG, is presented in Fig. 3 for P>1 mm/12 h. In fact, OF of all ranges of P grow with |FG|. The growth is faster for heavier precipitation and also faster in the cases of FG<0 than in those However, high domes and deep folds of the tropopause are not frequent (in winter 3 to 13% of the whole sample, respectively, in summer -3 to 7%). To a certain extent, the low percentage is due to low resolution of the OA data.
The P spectra for the subsets with convective instability (LNB>0) and stability (LNB=0) are shown in Fig. 4 . For all the seasons, 2D spectra have been calculated on the F,LNB plane (Chakina and Skriptunova, 2006) Fig.4 . As in Fig.2 , but for the subsets of LNB=0 (upper panel) and LNB>0 (lower panel) in autumn.
Noises
As it can be seen in Fig. 4 (upper panel) , under conditions of convective stability and vanishing baroclinicity (F<5), a certain percentage of precipitation (about 10% of all the cases) still occurs. Assuming that frontal and convective forcing are the main grid-scale factors of precipitation generation, one can conclude that the mentioned subset of P cases cannot be explained by these factors, and thus must be interpreted as "noise" within the framework of two-parameter (F, LNB) approach. The noise is caused by unaccounted forcing factors (including subgrid ones) and by all kinds of errors. The noise level in the precipitation OF varies from about 7% in summer to 15% in winter. The noise subsets consist mainly of very slight and slight precipitation (65.3 to 89.8% of the cases, depending on season). Occurrence frequencies of P>6 mm/12 h in the subsets are very low (one order of magnitude lower than in the total sets).
Assuming that the noises of the same origin and level exist within the total ranges of F and LNB, one can subtract the noises from the total 2D spectrum and, in this way, obtain the spectrum free of noises, -in other words, the spectrum of precipitation generated by the two forcing factors. The whole sample, respectively, in summer -3 to 7%). To a certain extent, the low percentage is due to low resolution of the OA data.
The P spectra for the subsets with convective instability (LNB>0) and stability (LNB=0) are shown in Fig. 4 . For all the seasons, 2D spectra have been calculated on the F,LNB plane (Chakina and Skriptunova, 2006) . Note that convective instability itself is, to a large extent, a result of frontal forcing. Considering OF of LNB as dependent on F (not shown), it is found that in summer, when the impact of thermal convection is maximum, 29% of all cases of convective instability and 37% of deep one are forced by frontal effects. Fig.4 . As in Fig.2 , but for the subsets of LNB=0 (upper panel) and LNB>0 (lower panel) in autumn.
Assuming that the noises of the same origin and level exist within the total ranges of F and LNB, one can subtract the noises from the total 2D spectrum and, in this way, obtain the spectrum free of noises, -in other words, the spectrum of precipitation generated by the two forcing factors. The of FG>0. However, the subsets of significant non-zero |FG| are not large in all seasons (of order of 18-25% of the corresponding sets, frontogenesis being 3.5 times more frequent than frontolysis with the same |FG|). This fact, which is evidently associated with features of the accepted way of FG calculation, leads to underestimation of FG informativity about P occurrence frequency distribution.
The dependence of precipitation OF on TR (not shown) is well defined enough, showing increased OF mainly under low tropopause (TR>400 hPa). The heavy precipitation OF is 2 (winter) and 3 (summer) times higher under low tropopause than under high (TR<200 hPa) one. Indeed, the tropopause folds and funnels are associated with the atmospheric fronts (usually, with cold ones). However, high domes and deep folds of the tropopause are not frequent (in winter 3 to 13% of the whole sample, respectively, in summer -3 to 7%). To a certain extent, the low percentage is due to low resolution of the OA data.
The P spectra for the subsets with convective instability (LNB>0) and stability (LNB=0) are shown in Fig. 4 . For all the seasons, 2-D spectra have been calculated on the F,LNB plane (Chakina and Skriptunova, 2006) . Note that convective instability itself is, to a large extent, a result of frontal forcing. Considering OF of LNB as dependent on F (not shown), it is found that in summer, when the impact of thermal convection is maximum, 29% of all cases of convective instability and 37% of deep one are forced by frontal effects.
As it can be seen in Fig. 4 (upper panel) , under conditions of convective stability and vanishing baroclinicity (F<5), a certain percentage of precipitation (about 10% of all the cases) still occurs. Assuming that frontal and convective forcing are the main grid-scale factors of precipitation generation, one can conclude that the mentioned subset of P cases cannot be explained by these factors, and thus must be interpreted www.adv-geosci.net/10/153/2007/ Adv. Geosci., 10, 153-158, 2007 the pair of F, LNB. However, in winter and summer, respectively, informativit ombinations with F and LNB is high enough, too. on to probabilistic forecasting ties can be considered of using the presented results for this purpose. sting of the whole spectrum of P probabilities (instead of a single "most likely f P ranges can be determined from the precipitation rate 2D spectra. For instance ig. 4, upper panel, can be used for this purpose in the case of LNB=0. The OF i used to approximate the probabilities with a good accuracy, because the sampl ge and because it is pointed out that the spectra calculated for the periods of 7, 6 as "noise" within the framework of two-parameter (F, LNB) approach. The noise is caused by unaccounted forcing factors (including subgrid ones) and by all kinds of errors. The noise level in the precipitation OF varies from about 7% in summer to 15% in winter. The noise subsets consist mainly of very slight and slight precipitation (65.3 to 89.8% of the cases, depending on season). Occurrence frequencies of P>6 mm/12 h in the subsets are very low (one order of magnitude lower than in the total sets).
Assuming that the noises of the same origin and level exist within the total ranges of F and LNB, one can subtract the noises from the total 2-D spectrum and, in this way, obtain the spectrum free of noises, -in other words, the spectrum of precipitation generated by the two forcing factors. The calculation shows that in such spectra, 78.7 to 85.8% (depending on season) of all cases of precipitation >6 mm/12 h are retained, as well as 75.4 to 79.6% of P>1 mm/12 h.
Thus, it can be concluded that precipitation >1 mm/12 h and especially >6 mm/12 h are determined mainly by frontal and convective forcing and thus can be diagnosed (or "predicted" within the perfect prognosis, PP, approach) with a significant efficiency on the basis of two diagnostics (F and LNB) calculated from the OA data.
Informativity of the diagnostics as precipitation predictors
In the simplest case, discrimination between occurrence and non-occurrence of P exceeding a given value (1 or 6 mm/12 h) can be carried out by using threshold values of a single diagnostic or of a pair of them. Efficiency of the discrimination can be estimated by the total skill score (TSS).
To include into consideration certain regional features, the whole area is divided into 4 parts (Fig. 5) , for which, TSS values for every season and P>6 mm/12 h are presented in Table 1 (insignificant values of TSS are shown by dashes). The highest TSS practically everywhere and in all seasons correspond to the pair of F, LNB. However, in winter and summer, respectively, informativity of the TR and FG in combinations with F and LNB is high enough, too.
Application to probabilistic forecasting
Two possibilities can be considered of using the presented results for this purpose.
1. Forecasting of the whole spectrum of P probabilities (instead of a single "most likely" value). Probabilities of P ranges can be determined from the precipitation rate 2-D spectra. For instance, the results shown in Fig. 4 , upper panel, can be used for this purpose in the case of LNB=0. The OF in the 2-D spectra can be used to approximate the probabilities with a good accuracy, because the sample of the used data is large and because it is pointed out that the spectra calculated for the periods of 7, 6, . . . , 3 years differ from each other but slightly: so, the corresponding changes in TSS values for F, LNB are within 3%.
2. Forecasting of probability for a given P (>1 or >6 mm/12 h), on the same basis of predicted F, LNB in the gridpoint and the 2-D spectra.
Efficiency of the forecasting evidently depends on accuracy of F, LNB computed from the output data of the numerical model under use. For a more convenient interpretation of the results for the predictands with usually low occurrence frequency (e.g., P>6 mm/12 h, whose season-averaged occurrence frequency, k, is of order of few percent), so called "virtual probability VP=K/(K+k) can be introduced, K being the predicted probability, so that VP=0.5 when K=k and VP→1 when K grows.
Accuracy of VP calculated from the numerical forecasts is estimated for several models whose output data are used operatively in the Hydrometeorological Centre of Russia. The UKMO global model is found to produce the lowest level of VP field smoothing (as compared with the objective analysis), -that is, about 5-6% in the VP maxima.
It is to note that the predictors do not include the model precipitation or vertical motions, whose accuracy of simulation is often insufficient or doubtful. Moreover, the dependence of F, LNB on humidity is weak enough. These features represent an advantage of the proposed approach, as compared by other ones (e.g., Applequist, 2002; Bremnes, 2004; Yuan et al., 2005) .
Conclusions
In this paper, a minimum set of 4 diagnostic characteristics of vertical motion dynamic forcing is considered to estimate Adv. Geosci., 10, [153] [154] [155] [156] [157] [158] 2007 www.adv-geosci.net/10/153/2007/ their effects on precipitation. The statistical relationships between the precipitation rate (12-h amount) occurrence frequencies and the diagnostics are presented in the form of precipitation rate, P, spectra as dependent on dynamic forcing characteristics. The following results of the analysis can be formulated.
1. The frontal effects (baroclinicity and pressure field curvature), as described by frontal parameter, F, represent a primary factor of precipitation forcing. The P occurrence frequency spectra, computed for the former European USSR and for its regions, provide reliable estimates of precipitation probability distribution within the gridsquare, as dependent on F in the gridpoint. The heaviest precipitation, the fastest is its OF growth with F in all seasons, especially in winter. As a single predictor of precipitation, F is informative (in terms of TSS) in all seasons.
2. Convective instability is, to a large extent, forced by frontal effects. However, convective forcing itself plays a significant role, so that LNB is informative as a single predictor of precipitation in all seasons but winter. Combination of F and LNB provides the highest TSS almost everywhere the year round.
3. The subsets of precipitation cases corresponding to vanishing baroclinicity, zero or anticyclonic curvature of pressure field, and stable stratification, in the 2-parametric (F, LNB) consideration represent levels of noises, caused by unaccounted forcing factors and by all kinds of errors. The noise levels vary from 6.9% in summer to 15% in winter. In total, 78.7 to 85.8% (depending on season) of all cases of precipitation >6 mm/12 h are determined by the two forcing factors, described by F and LNB, -that is, by frontal and convective effects.
4. The 2-D spectra of P can be used to forecast, with a significant efficiency, the P probability distribution within the gridsquare, on the basis of F, LNB values calculated from numerical model output data in the gridpoint. Another approach consists of predicting, on the same basis, probability distribution over an area for a given range of precipitation. Note that the predictors F, LNB do not include simulated precipitation or vertical motions; also, dependence of predictors on humidity is weak enough.
